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SECTION 1 

INTRODUCTION 

This program is the study of a vortex valve controlled secondary 
injection thrust  vector control system, operating with highly aluminized 
gas from a solid propellant gas generator (SPGG). Various performance 
character is t ics  will be determined , including static and dynamic system 
performance and the ability of the vortex valve to handle the aluminized 
hot gas. 
a solid propellant rocket engine, using direct  engine bleed, will be 
considered. 

The application of this technique for  thrust  vector control of 
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SECTION 2 

ACCOMPLISHMENTS THIS PERIOD 

5500°F SITVC Single Vortex Valve System ( F o r  Tes t  Fir ing Number 2)  

Design parameters  for the single vortex valve arrangement of the 
5500'F SITVC System have been defined and incorporated in the design 
of the system components. A system layout drawing is complete and 
shown in Figure 1. Detail drawings were made of the individual par ts ,  
and the par ts  were procured o r  fabricated. 

The single vortex valve system has been assembled and is now 
undergoing cold gas tes t .  The cold gas  tes t  will provide the necessary 
adjustment check of the tes t  programmer a s  well as the modulation 
character is t ics  of the system. A more complete description of this 
system will be incorporated in the next progress  report .  However, the 
tes t  outline and procedure is presented in  Appendix C of this report  for  
information. 

5500°F SITVC Svstem (For  Test  Firing Number 3 )  

The Izyc?.ut &-...,yiq and a l l  of the detail dr&-&+ngs for thz t-*-G-\-ertex 

valve system have been completed. The system assembly is shown in 
F igure  2. Fabrication of the detail par t s  will be completed by 5 May 
1966. Component tes t  will be conducted a s  the subassemblies become 
available. Ful l  scale system cold gas testing will not s t a r t  until the 
single valve hot gas firing is completed. The single valve tes t  should 
be accomplished by 15 May 1966. 

2000°F Pilot Stage Test  

The 2000°F pilot stage designed for  the 5500'F SITVC System was 
flow-trimmed on cold gas and wasnot  gas  tested this period. 
a s  tes ted is shown in Figure 3 .  
tr imming the pilot stage while i t  was  mounted on the Phase I vortex 
power valves a lso shown in Figure 3 .  
figuration as the 5500°F SITVC valves and therefore provide 
impedance loading on the pilot stage. 
was to  demonstrate flow modulation and steady-state performance on 

The system 
The cold gas testing consisted of flow 

These valves a r e  the same con- 
the same 

The principal objective of the tes t  
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Figure 3 - 2000T Hot and Cold Gas Pilot Stage Test  
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Figure 4 - Instrumentation Schematic for  2000°F Pilot Stage Test  
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both cold and hot gas. 
4.25: 1 on cold gas and 1.66:l on hot gas. However, the control-to-supply 
pressure  rat io  was considerably above the normal operating range, 
which was responsible for the apparent reduction in  flow modulation. 

The system demonstrated a flow modulation of 

The system was instrumented in keeping with the tes t  objective. 
Figure 4 is the instrumentation schematic, and the various pieces of equip- 
ment used are itemized below. 
main stage output were recorded by the optical recorder  while other 
parameters  were recorded on the Sanborn Recorder.  

The pilot stage input and output and the 

Recorder 

Sanborn - Model 8 58 - 5460 
C.E.C. - Type 5-124 

Servo Amplifier 

Bendix Design 

Function Generator 

Hewlett Packard Model 202A 

P r e s  su re  T randucer s 

Dynisco PT49A 
U Y I L A D L U  n-,:,,, D T ~  A A A . 2 2  - 2 ~  

Dynisco PT31 

Flowmeter 

Cox Turbine GH32 and GH12 

Frequency Counter 

Cox Model 950 

Cold Gas Tes t  

F o r  cold gas testing of the 2000°F Pilot Stage, the system was 
assembled a s  shown in Figure 3. The pilot and main stage were supplied 
by independent regulated pressure sources,  so that the optimum pressure  
level  and optimum control-to-supply p re s su re  rat io  could be determined. 
P r e s s u r e s  and flows were measured in various locations, a s  shown in 
F igure  5, to  provide the necessary information for impedance matching 
of the pilot stage. The pressure  distribution in  the system is summarized 



COLD GAS TEST HOTGAS TEST 

Figure 5 - Hot and Cold Gas Test Results for the 2000°F Pilot Stage 
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in Figure 5 for  one complete modulation cycle. To produce these resul ts ,  
the system was cycled at a ra te  of 0.5 cycle per second. 

The system demonstrated a flow modulation range of 4.25: 1 with 
a maximum output flow of 3.56 lb / sec  of nitrogen gas o r  the equivalent 
of 1.08 lb / sec  of PJS, the 5500°F solid propellant gas. Referring to  
Figure 5, the output indicates saturation caused by the slight unbalance 
in the pilot stage output and by the over-driving of the main stage by the 
pilot stage. Taking the average low and high control-to-supply p re s su re  
ratio,  a change f rom 1.02:l to 1 . 3 7 : l  provided a flow modulation of 4.25:l. 
This control-to-supply p re s su re  ratio is slightly more than required,  
based on previous cold gas component tes t s .  In the component t e s t s ,  
both vortex power valves were fully modulated with a control-to-supply 
pressure  rat io  of 1.26: 1.  The Pc and P pressure  t races  in Figure 5 
a r e  indicative of the saturation effect. 

0 

It was noted during cold gas testing that the modulation capabilities 
of the system a r e  sensitive to the p re s su re  rat io  between the pilot stage 
and the main stage. This sensitivity is due to  the high flow gain in the 
pilot stage. The most direct  corrective action is to  reduce the nozzle 
diameter ,  thereby increasing the flapper stroke. 
before the next system test .  It will require 
for  verification but will not required another pilot stage hot gas tes t .  

This will be accomplished 
additional cold gas testing 

Hot Gas Test  

F o r  the pilot stage hot g a s  test, the pilot stage cold gas supply tube 
was removed and the 2000°F SPGG was attached. The 2000°F SPGG was 
ignited before flowing the main stage. This sequence of events was 
chosen to prevent back-pressurizing the 2000°F SPGG and causing a 
possible malfunction. The Phase I main stage supply valves were loaded 
in  the same manner as during the cold gas  test .  Fo r  some undetermined 
reason ,  the main stage supply pressure  did not reach  operating p res su re  
until approximately 19 seconds after ignition of the SPGG. During this 
t ime ,  the torque motor signal was held in the null position. During this 
19-second interval, the pilot stage supply pressure  was decreasing a t  
30 ps i  per  second and the main stage supply pressure  was increasing at 
70 psi  per  second. Inspection of the pressure  t r aces  while the tes t  was 
in progress  indicated the chain of events which were taking place. A 
signal was immediately applied to the torque motor, and the main stage 
supply p re s su re  before burn-out. The reduction of the main stage supply 
p r e s s u r e  was partially successful since the pressure  t r aces  indicated 
that the system was being modulated by the pilot stage before burn-out. 
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The reduced hot gas tes t  data shown in Figure 5 is taken a t  20 
seconds af ter  ignition of the 2000°F SPGG. It is interesting to  note the 
adverse effect of control-to-supply pressure  rat io  on output modulation. 
This ra t io  changed f rom an average low of 1 .21~1 to a high 1 .37~1 (instead 
of f rom a desired 1.O:l to  1.37: 1 ). This limited control modulation ac-  
counts for the low output modulation of 1.66:l on the main stage. By 
comparison, the cold gas  tes t  output modulation was 4.25:1, and it can 
be concluded that the hot gas  performance would have been similar i f  a 
sufficiently higher pilot stage supply pressure  had been achieved during 
the hot gas tes ts .  

The 2000°F SPGG ballistic data is presented in Figure 6. Integrating 
the area under the ballistic t race  yields an average supply pressure  of 
2115 psia. This pressure  will cause the grain to  burn a t  an average ra te  
of 0.1173 inch per second and deliver a flow ra te  of 0.486 lb/sec.  The 
average grain weight is 16.1 pounds, and burn-out occurred at 33 seconds; 
this data yields an average flow rate of 0.488 lb /sec .  This correlation 
indicates that the regressive burning (drop-off of supply pressure)  is 
inherent in the SPGG and is not due to  system leakage. 

Figure 6 - 2000°F Hot Gas Pilot Stage Test  (SPGG Ballistic Data) 
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What may be concluded from the ballistic data and system tes t  
resul ts  i s  that a p re s su re  regulating device for the 2000°F SPGG is highly 
desirable if optimum performance is to  be realized for  a full-duration 
firing. A regulator valve which would satisfy the system requirement 
i s  discussed l a t e r  in this report .  

Pos t  Fir ing Examination 

The general  condition of the pilot stage after the hot gas  t e s t  was 
very good. None of the load orifices were clogged; nor was erosion 
apparent. There was only very minor leakage in the pilot stage which 
was around one of the Natorque seals on the flapper nozzle valve. One 
of the main s tage  vortex valves developed a minor leak at the injection 
ring. The copper seals  held up very well with no leakage. 

Thermal  Analysis of Prehea t  Effects on a Vortex Valve 

A thermal  analysis was conducted on the 5500'F vortex valve 
button and chamber to  determine the effectiveness of 2000'F control gas  
on preheating of tkese internal parts.  The analysis is qualitive, since the 
values for the coefficient of heat t ransfer  can only be estimated. 
resul ts  appear to  be realist ic,  based on past  experience. 
shows that ignition of the 2000°F SPGG should take place some 10 seconds 
pr ior  to  igniting the 5500'F SPGG if the full heating benefit of the control 
f ~ ~ X & ,  is t= be re&=.f.d. 
lap t ime when both generators a r e  burning, f rom which only 15 to  18 
seconds could be utilized for  modulating the 5500'F vortex valve. There-  
fore ,  the ignition t ime of the 2000°F SPGG was selected to  be 5 seconds 
pr ior  to ignition of the 5500°F SPGG. This allows the par ts  to  reach 
approximately 80 percent of the temperature they would attain in 10 
seconds. The mathematical model and the analytical resul ts  a r e  discussed 
in more  detail inAppendix A. 

The 
The analysis 

This .&v=.d?d a?l=.,t. appr=xirAatc?y 20 seeor;& 

Stability Analysis of an SPGG P r e s s u r e  Regulating Valve 

The recent pilot stage hot gas tes t  emphasized the need for  main- 
taining pressure  regulation between the 2000°F SPGG and the 5500'F SPGG 
i f  optimum performance is to  be realized. 
regulation technique for the 2000°F SPGG seems inevitable since the 
t h r e e  different hot gas tes t s  on the 2000°F SPGG have shown severe 
regress ive  burn character is t ics .  The exact cause of the change in  
ball ist ic performance when a "half" charge load i s  used has not been 
de ter  mined. 

The requirement for a p res su re  
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It has been demonstrated ear l ier  in the program that maximum output 
flow modulation can be achieved over a wide p res su re  range with a parti-  
cular valve geometry, provided the control-to-supply p re s su re  rat io  is 
held within a reasonable limit. Regulation of the supply and control p re s -  
s u r e  ra t io  becomes more  stringent a s  the differential control pressure  
range required t o  modulate the valve decreases.  Since in the present 
system the differential control pressure is low, the effect on performance 
is m o r e  drast ic  when adverse changes occur in  either the control o r  supply 
p re s  sure .  

The detailed analysis of a pressure regulating technique is given 
in Appendix B, along with a summary of the cr i t ical  design parameters .  
This analysis was performed to  determine if the balancing valve concept 
is stable and could be used to  eliminate the p re s su re  variation effects in 
the two hot gas generators.  Figure 7 is a functional schematic showing 

DUMPING ORIFICE w 
VENT 

BALANCING 
VALVE 

Figure 7 - 5500°F SITVC System Modification Schematic 
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how the balancing valve could be incorporated into the present hot gas 
system between the two stages. Note that the sensing point on the main 
stage is downstream of the 5500°F SPGG load orifice while the other 
sensing point is located a t  the 2000°F SPGG. 
system regulation regardless  of the performance of either generator.  

This arrangement will insure 

Essentially, the balancing valve is of simple relief-type construction 
with a damping chamber added for stability. The free-floating piston 
with a differential a r e a  is being acted on by the 2000°F SPGG and by the 
main stage supply pressure.  A sealed chamber filled with liquid on the 
main stage side provides damping and a t  the same time deadheads the 
5500°F hot gas ,  thus preventing an  overboard leakage path. The other 
end of the piston provides a variable dumping orifice for  the pilot stage.  
Any change in displacement of the piston, resulting f rom an  unbalanced 
force due t o  a differential pressure,  resul ts  in a change in the dumping 
a r e a  until the balance in forces  has been re-established. A limit stop 
on the piston can be incorporated in the design to allow start ing the 
2000°F SPGG against a fixed impedance load, thus setting a minimum 
control p re s su re  for system star t -  

Displacement of the piston forces  the viscous liquid f rom one chamber 
to  another through a restricting orifice thereby controlling the displace- 
ment rate. The damping can be increased or  decreased by changing the 
viscosity of the fluid o r  the a rea  of the restricting orifice. 

The mater ia l  requirements for the major par t s  of the valve a r e  
summarized in Table 1, along with appropriate design remarks .  

Table 1 - Material Requirements for P r e s s u r e  Balancing Valve 

P a r t  - 
Body 

Material 

Stellite 6B 

Seat Moly 1 / 2  T i  

P is ton  Body Aluminum Oxide 

Seat Mating Surface 
on Piston 

Moly 1 / 2  Ti 

P is ton  Seals Viton 0-Ring 

0 -Ring Slippers Teflon 

Remarks 

Full Annealed and Oxidized 

Adquate for  2000°F 
Application 

Low Coefficient of Thermal 
Expansion Low Density 

Adequate for  2000°F 
Application 

Good for Continuous Service 
at  500'F 

Low Coefficient of Fr ic t ion 
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SECTION 3 

PROBLEM AREAS 

The following are possible major technical problem areas:  

(1) Maintaining the proper pressure  ratio between the main 
stage and the pilot stage. 
has already been conceived.) 

Short burning time of the 2000°F SPGG. 
has been contacted and has proposed a solution which may 
be incorporated at  a la ter  date as the development testing 
dictates.) 

(A solution to this problem 

( 2 )  (The grain supplier 

3 - 1  
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SECTION 4 

MEETINGS AND CONTACTS 

Mr.  G.  L .  Smith of NASA-Langley visited Bendix for  a general  
review of the SITVC development program. 
g r a m  cost were  discussed. Mr. Smith also witnessed the 2000°F pilot 
stage test during his visit. 

The test schedule and pro-  

Mr .  J. G. Rivard visited NASA-Langley to discuss  the SITVC 
sys tem firing at ABL. The results of the visit were  a definition of a 
work statement and the schedule for the SITVC sys tem firing at ABL. 
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SECTION 5 

PLANS FOR NEXT PERIOD 

The next report  period, which ends 2 June 1966, will include a 
hot gas firing and will indicate the flow modulation character is t ics  of 
the vortex valve in  a SITVC system. 

The following tasks  will be completed during the next reporting 

A single vortex va lve  circuit will be set  up and 
tested with 2000°F g a s  in the pilot stage and 
5500°F in the power stage. 

A simulated single-axis SITVC system w i l l  be 
set  up and tested for  steady-state performance 
o n  cold gas.  

The test effort will be reviewed with respect to 
the next scheduled hot gas tes t .  

Insulation and tungsten will be procured for  the 
# 3  and # 4  fir ings.  

5- 1 



SECTION 6 

PROGRAM SCHEDULE 

The existing program plan is shown in Figure 8 and indicates 
the various subtasks and the planned period of accomplishment. 

I 
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SECTION 7 

MONTHLY FINANCIAL AND MANPOWER 
UTILIZATION REPORT 

The cumulative manhour expenditures by category through 
April 30 ard.88 follows: 

E ngine e ring 4642 

Drafting 331 

T ec hnic ian 1610 

Miscellaneous 770 

Shop 1279 

A graphic and tabular presentation of contract expenditures is 
shown in Figure 9. 
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APPENDIX A 

CALCULATION OF TRANSIEXVT TEMPERATURFS AT VARIOUS 
PARTS OF A SITVC VORTEX VALVE 

1. INTRODUCTION 

The object of t h i s  analysis i s  t o  find the time-temperature 
prof i le  a t  various parts i n  a vortex valve a f t e r  a 2000% gas has 
been admitted through the control port .  

In  the SITVC system, t h e  m i n  flow i s  55OO0F aluminized hot 
gas and the control flaw i s  2000% gas. 
through the vortex power valve, it gives up heat t o  the valve and 
there i s  the poss ib i l i t y tha t  the heat loss  might lower the gas temper- 
ature enough t o  cause some of the aluminum t o  plate Gut and plug or 
r e s t r i c t  the valve passages. The maximum heat loss,  of course, occurs 
during the early stages of a f i r i n g  t e s t  while the valve parts are s t i l l  
cold. To prevent possible internal plugging, it is intended t o  minimize 
the  heat loss by admitting the 200OoF control gas ahead of the 5500°F so 
that the valve i s  preheated before the 5500% aluminized gas enters. 
Thus the 5500 F gas w i l l  lose less t h e m 1  energy t o  the w a l l s  of the 
vortex valve than i f  it contacted the cold w a l l s  d i rect ly .  

A s  the 5500°F gas flows 

0 

Before determining the required preheating time, it is  necessary 
t o  compute the r a t e  various parts of the vortex valve w i l l  heat up i n  
response t o  the 200OoF gas. 
sponse is  the purpose of th i s  analysis. 

Determining th i s  transient temperature re- 

The equations presented are derived by the method of f in i t e -  
differences t o  f a c i l i t a t e  the calculating of the transient temperatures 
inside a vortex valve. The flow system considered consists of 200OoF 
gas flowing through an insulated conduit, through an annulus, and then 
flowing radial ly  between two discs. Using the special case of a uniform 
f l a w  temperature, the transient temperatures a t  various parts i n  the 
valve are presented. 
flow system involving heat transfer between the f lu id  and the w a l l s .  

The equations are general and applicable t o  any 

The parts of concern are the inner l iner,  the housing structure 
and the center button of the valve, as shown by the designations 1 2 



3 4 and 5 in  Figure 1. The l i n e r s  are  backed by carbon-phenolic 
insulation and the button is hollow and symmetric i n  configuration. The 
equations assume tha t  the tungsten parts are perfectly insulated and the 
control gas temperature a t  the wetted surface of the par ts  i s  2000 F. 
The mterial of these parts is silver-inf i l t r a t e d  tungsten (15 percent 
by volume), and the secondary hot gas is  t o  be generated by the Olin- 
Mathieson "OMAX" 453D, which i s  an ammonium n i t r a t e  composite propellant. 

0 

This report presents the results of analysis of the transient 
flow system. Dusinberre Is f inite-dif  ference method ( R e f .  1) has been 
followed. The resul ts  allow determination of the history (time var i -  
able)  of the temperature distributions ( spa t ia l  variable) in  the flow 
and in  the conduit w a l l s  as w e l l .  

The derived equations do not accommodate the phase-change of the 
inf i l t rant-s i lver ,  which has a melting point of 17609, but a method 
is  discussed t o  compensate f o r  t h e  effect  of la ten t  heat, should the 
w a l l  temperature exceed the melting point of the in f i l t r an t  m t e r i a l .  

From the nature of the problem, the equations generally require 
a computerized program t o  obtain accurate resu l t s  because of the involved 
repet i t ive calculations and the need t o  sa t i s fy  the s t a b i l i t y  c r i t e r i a  
of the numerical method. A s  a special case, the steps are drast ical ly  
simplified when the flow temperature i s  maintained constant throughout 
i t s  passage. This s i tuat ion m y  be realized when the flow velocity i s  
re la t ive ly  large and the length of the conduit w a l l  of concern i s  
re la t ive ly  short .  

2 .  ANALYSIS 

Two general cases are t o  be studied, namely: (1) Two concentric 
cylinders with a hot gas f l a r ing  through the annular space, and (2)  a 
hot  gas flowing radial ly  between a pair of concentric para l le l  discs.  

The following assumptions and restr ic t ions are  imposed t o  the 
theoret ical  models : 

(1) The flow has a constant temperature a t  t he  entrance, 
and a uniform temperature across i ts  cross-section. 
The heat t ransfer  i n  the direction parallel t o  the 
f lu id  flow is negligible. 

( 2 )  The w a l l  thicknesses are thin,  and there exis ts  no 
temperature gradient i n  the w a l l s  i n  the direction 
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perpendicular t o  the  f lu id  f l o w .  Hence, the w a l l  
temperatures may be represented by the average local 
temperatures of the mass. 

(3)  The unexposed back faces of the w a l l s  are perfectly 
insulated, i.e.,the insulator absorbs no heat and 
the material does not undergo endothermic ablative 
process. Neither does the w a l l  material undergo 
phase-change within the range of operating tempera- 
tures. 

2.1 A Concentric Double-Cylinder System with a Hot G a s  
Flowing Through the Annular Space (Figure 2) 

The derivation may be pmceekd following the f in i t e -  
difference method, by an energy balance between the segmental wall element 
and the flow. The result ing equations are as follows: 

For the inner cylinder ( r i  4 r C r2):  

Td; = Ki (Tm + Tm+l) A t  + ( l - K i  A t )  Tni - 
n i  2 

where 

For the outer cylinder (r3 g r  Q r4) :  

A t  
T = - K o ( T + T  m + l  At + (1 - A t )  Tn0 

2 m  no 

where 

3 2 ho K =  
0 

(3) 

( 4 )  

For the flow (1-3 h r L r2): 
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2 ,  ( 6 )  
where 2 

Af = 4 ( r 3  - r 2  

It i s  t o  be noted t h a t  t h e  c r i t e r i a  o f  s t a b i l i t y  f o r  c a l c u l a t i o n  a re :  

+ ( h r  + h . r )  0 3  1 2  - -  
Pf 

c 
and 

A X  ,< Cpf 

(hor3 + hir2) 

The a l t e r n a t i v e  expression which i s  an approximation of  Eq. ( 5 )  i s  of  
t h e  form: 

Two s p e c i a l  ca ses  may be deduced from t h e  preceding general  equations: 
f i r s t ,  f o r  a s i n g l e  cy l inde r  with a ho t  gas flowing e x t e r n a l l y ;  and second, 
f o r  a s i n g l e  cy l inde r  with a ho t  gas flowing i n t e r n a l l y .  
changes a r e  necessary.  

The fol lowing 
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I 

* 
2.1.1 A Single  Cylinder with a Hot Gas Flowing E x t e r n a l l y  

For t h e  cy l inde r ,  Eqs. (1) and ( 2 )  remain v a l i d ;  b u t  
f o r  t h e  flow, Eq. ( 5 )  should be used with t h e  fol lowing s u b s t i t u t i o n s  
t h a t :  

A t  a t  at 
= 1 ( T  + T  1 

n i  - 
2 no J Tn 

i h  = o  
0 

If Eq. ( 9 )  i s  used in s t ead  of Eq. ( 5 ) ,  it r e q u i r e s  t o  impose only 
t h a t  

h = O  
0 

2.1.2 A Single  Cylinder with a Hot Gas Flowing I n t e r n a l l y  

For t h e  cyl inder ,  Eqs. ( 3 )  and ( 4 )  s t i l l  apply; bu t  
for  t h e  flow, Eq. ( 5 )  should be  used with t h e  fol lowing s u b s t i t u t i o n s  
t h a t :  

If Eq. ( 9 )  i s  used in s t ead  of  Eq. ( 5 ) ,  i t  r e q u i r e s  t o  impose only 
t h a t :  

h = O  
i 

2.2 A Hot Gas Flowing Radial ly  Between a P a i r  of  Concentric 
P a r a l l e l  Discs  (Figure 3) 

For e i t h e r  d i s c ,  t h e  temperature expression i s :  

* 
I n  f a c t ,  t h e  flow i s  s t i l l  i n  an annular space between two concen t r i c  
c y l i n d e r s ,  b u t  only t h e  i n n e r  cy l inde r  p a r t i c i p a t e s  i n  t h e  h e a t  
t r a n s f e r  process  e f f e c t i v e l y ;  and t h e  o u t e r  cy l inde r  i s  a p e r f e c t  
i n s u l a t o r  which absorbs no h e a t  under i d e a l i z a t i o n .  
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at 
T = K~ ( T  + T ) A t  + (1 - K A t )  Tn 

n 2 m m + l  W 

where 

h W - 
Kw - 

cpw ?WbW 

For t h e  flow, it has 

The a l t e r n a t i v e  expression which i s  an approximation of Eq. (16) i s  
of  t h e  form: 

7 - 1 - 
m + l  T 

2 2  
1 + Iil Cpf K ( r  -r )h 

m + l  m w 
TI-( r 2 2  

rn+l-rm)hw 

2 .3  Related Equations i n  Association with Calculat ions 

Several  q u a n t i t i e s  are t o  be determined be fo re  the  numerical 
c a l c u l a t i o n s  are t o  be proceeded. They a r e  included f o r  r e fe rence .  

2.3.1 Coef f i c i en t s  o f  Heat Transfer  h, (Ref. 2) 

For t h e  tu rbu len t  flow: 
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i n  which t h e  s u b s c r i p t  f refers t o  t h e  bulk of t h e  f l u i d ,  and w 
t h e  w a l l  of t h e  flow conduit. To s impl i fy  t h e  c a l c u l a t i o n a l  pro- 
cedure, it i s  d e s i r a b l e  t o  sepa ra t e  t h e  temperature-dependent from 
t h e  independent f a c t o r s .  This can be achieved by s u b s t i t u t i n g  t h e  
s ta te  and c o n t i n u i t y  equations t o  Eq. (18) and r e s u l t i n g  i n  

25 Apr i l  1966 

For t h e  laminar f l o w  i n  an annular space: 

0.05 

f D e  

2.3.2 The Equivalent Diameter De 

By d e f i n i t i o n ,  t h e  equivalent  diameter i s  given 
by: 

De = 4 rh = 4 x t h e  c ros s - sec t iona l  area o f  t h e  conduit  (21) 
t h e  wetted perimeter 

Thus, f o r  an annular it is :  

De = Do - Di 

where Do = 2 r  

r a d i a l l y  between two concentric d i s c s  i s  found t o  be: 

and Di = 2 r  as shown i n  Figure 2. 3 2 

The equivalent  diameter f o r  t h e  f l u i d  flowing 

De = 2.4 

2.3.3 The Equivalent Thermal Conductivity,  Density,  and 
Spec i f i c  Heat of  an I n f i l t r a t e d  Metal (Porous 
Tungsten with S i l v e r  I n f i l t r a n t )  

By Grootenhuis' expression (Ref 3):  

k = f (kISi lver  + (I-') (')tungsten (24) 
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and 

where 

f = t h e  void volume f i l l e d  with t h e  i n f i l t r a n t  
t o t a l  volume of t h e  metal matr ix  

3. NUMERICAL ILLUSTRATION AND RESULTS 

The c a l c u l a t i o n s  w i l l  be c a r r i e d  o u t  on t h e  b a s i s  of t h e  
following inpu t  data, s impl i f i ca t ions ,  and r e s t r i c t i o n s :  

0 
The secondary h o t  gas  of 2000 F e n t e r i n g  a t  P (Fig. 1) 
with a constant  f low rate fi ( l b / h r )  s p l i t s  equal ly ,  and 
e n t e r s  t h e  annular c y l i n d r i c a l  space and t h e  space bet-  
ween t h e  two concentric d i s c s .  

The h o t  gas i s  supplied continuously over t h e  e n t i r e  
d u r a t i o n  of operat ion.  The temperature of  t h e  h o t  gas 
may be assumed constant throughout t h e  condui ts .  

The tapered po r t ion  0 may be t r e a t e d  as a h o r i z o n t a l  
cy l inde r  with t h e  f l u i d  flowing e x t e r n a l l y ,  b u t  an 
equ iva len t  r a d i u s  sbouldbe used. 

The flow p a t t e r n  between t h e  two concentr ic  d i s c s  i s  
radial and uniform. 

Each region i s  i s o l a t e d  thermally,  and t h e r e  i s  no 
mutual conduction from each o the r .  

i dea l i zed  models with dimensions are shown i n  Firrure 4, and 
t h e  phys ica l  
i n  Table 1. 
flux of t h e  

p r o p e r t i e s  of  t h e  wall material and t h e  h o t  gas axe given 
The equ iva len t  diameters De, Reynolds numbers Re, t h e  

rate of flow G, and t h e  average c o e f f i c i e n t  of h e a t  t r a n s -  
fer  h are summarized i n  Table 2. It i s  t o  be noted t h a t  t h e  h values 
were c a l c u l a t e d  w i t h  Tw/Tf = L, which i s  a conservat ive est imat ion.  
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average temperature  response at var ious  p a r t s  i n  t h e  wall of t h e  
vo r t ex  valve were computed. They are presented i n  Table 3. The 
computational procedure i s  g r e a t l y  s impl i f i ed  f o r  t h e  p re sen t  
a p p l i c a t i o n  of a cons tan t  f low temperature;  otherwise,  it r e q u i r e s  
t o  so lve  t h e  unknown temperatures  of the w a l l  and t h e  f low simultan- 
eously. Then, a computer c a l c u l a t i o n  i s  necessary.  I n  t h a t  connec- 
t i o n ,  f i n e r  va lues  of  t h e  t ime increment *t and t h e  l eng th  increment 
Ax may be used i f  h igher  accuracy i s  des i r ed .  

4. ESTIMATION OF THE EFFECT OF LATENT HEAT OF THE INFILTRANT-SILVER 

The preceding a n a l y s i s  has not taken the  e f f e c t  o f  t h e  phase- 
change of  t h e  i n f i l t r a n t  i n t o  account. For s i l v e r ,  i t s  mel t ing  p o i n t  
i s  1760°F and i t s  l a t e n t  hea t  of  fus ion  i s  ~ ~ = 2 6 . 5  ( c a l / g )  = 47.71(Btu/ 
l b ) .  Therefore,  c e r t a i n  p a r t s ,  @ f o r  example, has  exceeded t h e  
me l t ing  p o i n t  and o t h e r  p a r t s  would poss ib ly  reach t h a t  temperature ,  
i f  a longer  du ra t ion  of opera t ion  should be considered. A method of 
c a l c u l a t i o n  i s  o u t l i n e d  f o r  a quick es t imat ion  of t h e  e f f e c t  of neglec- 
t i n g  t h e  l a t e n t  h e a t  t o  t h e  a c t u a l  temperature response of  t h e  i n f i l t r a t e d  
m e t d .  

I 

Let T be t h e  melt ing p o i n t  of t h e  i n f i l t r a n t ,  T i s  t h e  temperature  
o f  t h e  inf?!ftrant metal  t h a t  would respond upon absorbing t h e  h e a t  energy 
by neg lec t ing  t h e  phase-change of  t h e  impregnated i n f i l t r a n t ,  t h e  
energy s to red  i n  t h e  i n f i l t r a t e d  metal i s  of t h e  amount 

A t  

and t h i s  amount of energy, i n  f a c t ,  i s  consumed by t h e  phase-change of 
t h e  i n f i l t r a n t  which has t h e  l a t e n t  h e a t  of fu s ion  Lf ,  t hen  

Equating t h e  preceding expressions gives  
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bu t  from Eqs. (25) a.nd (261, 

'in f i 1 t r  a n t  

'overall metal 

= f  

and 

= f ( c  9 )  + (1-f) (cpp) 
o v e r a l l  metal P i n f i l t r a n t  matr ix  metal 

( C p P  ) 

then Eq. (27)  may be r e w r i t t e n  as 

i n f  i 1 t r a n t  

For f = IS'$, i n f i l t r a n t  = s i l v e r  and matr ix  metal  = tungsten,  using 
d a t a  as l i s t e d  i n  Table 1, one has 

1 

= 93 (OF) 47.7 T = T - 1760 = 

0.0744 + - 0.85 0.042~1204 
0.15 654 

The r e s u l t  i n d i c a t e s  t h a t  t h e  temperatures as c a l c u l a t e d  on t h e  b a s i s  
o f  t h e  equat ions given i n  Sect ion 2 are i n  e r r o r  by an amount of 93 F 
as soon as t h e  o v e r a l l  temperature of t h e  metal reaches t h e  me l t ing  
p o i n t  of t h e  i n f i l t r a n t .  
f i n e d  t o  a narrow band c e n t e r i n g  around t h e  me l t ing  po in t  of  t h e  i n f i l -  
t r a n t ,  and a reasonable  s h o r t  period o f  o p e r a t i o n a l  du ra t ion .  Because, 
i n  r e a l i t y ,  t h e  molten i n f i l t r a n t  w i l l  not remain i n  t h e  porous voids  

The accuracy of  such e s t ima t ion  must be con- 

f o r  any l eng th  of t i m e .  

HGa-Ping Lee 
HPL : mp 

Attachment: Nomenclature; References; Figures  1, 2, 3 and 4; and 
Tables 1, 2, and 3. 



-11- 

ATl'ACHMEmT, Memo Lee t o  B l a t t e r  

*f 

W 
b 

C 
P 

De 

f 

G 

h 

K 

k 

Lf 

t 

m 

r 

V 

NCMENCLATURE 

25 A p r i l  1966 

2 
Cross-sec t iona l  a r e a  of  f l u i d  i n  a condui t ,  (ft ) 

Wall th ickness  of d i s c ,  ( f t )  

S p e c i f i c  h e a t  a t  constant  p re s su re ,  (Btu/lb-'F) ; 
r e f e r  t o  t h a t  o f  f l u i d ,  inner  

w a l l ,  g u t e r  r e spec t ive ly .  
Cpf, c i' Cpo, 

Equivalent  diameter equals 4rh, ( f t )  

Ra t io  of  void volume f i l l e d  with i n f i l t r a n t  t o  to ta l  
volume of mat r ix  

Mass v e l o c i t y  of 

of  metal 

2 
f l u i d ,  ( l b / h r - f t  ) 

Coef f i c i en t  of convective h e a t  t r a n s f e r  between f l u i d  and 
su r face ,  (Btu/hr-ft2-OF); h . ,  ho, and h 
between f l u i d  and inner  w a d ,  ou te r  w a l r ,  and d i s c  respec-  
t i v e l y  . 

r e f e r  t o  t h a t  

Group cons t an t ,  ( l / h r ) ;  as def ined  i n  Eq.(2) f o r  Ki, Eq.(k) 
f o r  KO, and Eq.(15) for Kw. 

Thermal conduct iv i ty ,  (Btu/hr-ft-OF). 

La ten t  h e a t  of  i n f i l t r a n t ,  (Btu / lb)  

Spacing between two p a r a l l e l  d i s c s ,  ( f t )  

Mass Rate of flow, ( l b / h r )  

Radius,  ( f t )  

Volume, ( f t  3 ) 
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NCMENCLATURE (Cont . ) 

Hydraulic radius equals cross-section I 

wetted perimeter, ( f t )  
h r 

Tm 

A t  

A X  

9 

Re 

Pr 

G r  

ividec by t o t a l  

Average temperature i n  the cylinder wall of the n th  segment, ( 0 F) 

Temperature in  the flow at  the mth station, ( O F )  

0 Temperature response a f te r  a time increment A t ,  ( F) 

Time increment , (hr ) 

Length of segment of cylinder, ( f t )  

Density, ( l b / f t 3 ) ;  f f ,  yi, yo, and 9 refer  t o  that  of f luid,  
inner w a l l  material, outer wall mateyial, and disc material, respectively. 

Viscosity, ( lb/hr-ft)  

Reynolds number equals t o  D e G / ~  

Prandtl number equals to  C M/k 
P 
3 2  2 

Grashof number equals t o  (D f $ / A  ) ( (3 a t )  
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the Hot G a s  Flowing in the Annular Space 
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(a) k t  Gos Flows Externally 
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HO 
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0.218" + )c- O W *  

m 
N 
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L 

(c) Hot Cas Flom Radially Between Two Discs 

Figure  4 - Idealized Models and Dimensions 
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17 , 100 9 , 605 33 y 700 

64.4 116.7 318 

25 Apri l  1966 

TABLE 1 

Medium 
- ~ 

Density,  ,? ( l b / f t  3 ) 

PHYSICAL PROPERTIES OF THE WALL MATERIAL AND 
TKE HOT GAS 

_ .  

Pur e 
Tungs t e n  

1204 

Spec i f i c  Heat, Cp 
( Btu/lb- OF) 

0.04 

i Thermal Conductivity 

k (Btu/hr-ft-'F) 
70 

-._____I ---I___. - = -___ 

Viscosity, ( l b / f t - h r )  i -  
Melting Poin t ,  ( O F )  I 6170 

S i l v e r  

654 

0.0744 

-. 

200 

1760 

_ -  
S i l v e r  I n f i l t r a t e d  I 
Tungsten (f=15$) 

-I--- 

( C  ?)=48.3 (Btu/ft3- 
P OF ) 

Hot Gas 
- __ . . . - 

0.146 
-__ ---- 

0.473 

0.14 

0.2 

- 

TABLE 2 CALCULATED RESULTS OF VARIABLES 

rh = 0.21 lb / sec  = 755 lb /hr  p = 200 p s i  

G, ( l b / h r - f t  * ) I 32,850 I 53,850 I 185,500 
I I I 
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TABLE 3 SUMMARY OF THE AVERAGE TRANSIENT TEMPERATURES 
('F)IN VARIOUS PARTS I N  THE VORTEX VALVE WITH 
A UNIFORM FLOW TEMPERATURE OF 2000°F 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

70 

298 

402 

500 

591 

677 

757 

833 

903 

969 

1032 

70 

165 

257 

344 

432 

510 

587 

660 

730 

797 

861 

70 

261 

433 

588 

728 

853 

966 

1068 

1159 

1241 

1316 

70 

263 

437 

593 

733 

860 

974 

1067 

1160 

1243 

1320 

70 

600 

985 

1264 

1467 

1614 

1721 

1799 

1856 

1897 

1926 



P A + P 4 ( A 2 - A ) = P  A 
1 1  1 2 2  

A2 = A (p l  I p4) 
p2 p4 

APPENDIX B 

STABILITY ANALYSIS O F  A PRESSURE REGULATOR 
FOR DUAL-SPGG SYSTEMS 

The purpose of this analysis is to  determine the stability c r i t e r i a  
of a hot gas pressure  regulator for controlling the pressure  level of 
one gas generator as a function of the pressure  level in a second gas  
generator.  The system schematic is shown in Figure 1, and the basic 
sys tem constants a r e  summarized in Table 1. A parametric analysis 
will be made first, in order  to determine basic sizing; then the system 
will be dynamically analyzed. 

PARAMETRIC ANALYSIS 

where 
2 

A1 = 0.0311 in 

P1 = 2215 psia 

P2 = 395 psia 

P4 = 15 psia 

2215 - 15 
A2 = 0*0311 ( 395 - 1 5 )  

2 
= 0.180 in 

A2 

= 0.479 in 
D2 

B-1 



Table 1 - Summary  of Hot Gas P r e s s u r e  Regulator Data 

SPGG-I 

C z l  = 0.412 *R/sec 

k l  = 1.28 

R 1  = 1009 in /% 

A = 79 in 
3 

K = 0.0249 in lUsec 

r = 0.127 in laec  

P = 2365 psia 

n = 0.21 

Y = 0.053 U / in 

2 

R 

R 

3 

R 

SPGC-2 Pressure Regulator 

Side 1 

D = 0.199 in 

X = 0.012 in 

A = 0.0311 in 

( P r e s s u r e  Area) 

1 

1 

1 
2 

I 

Side 2 CZ2 = 0.532 "Rlsec  

F i g u r e  1 - Hot G a s  P r e s s u r e  Regulator Schematic 

B-2 



Compute Nominal Valve Position 

Assuming sonic flow, 

- 

'd '2 TI D l  p 1  
x1 - 

where 

w = 0.097 l b / s e c  
4 
T = 2460"R, fi  = 49.6 6 

Cd = 0.7 

= 0.412 f i / s e c  
c2 
D1 = 0.199 i n  

P1 = 2215 psia 

- 0.097 x 49.6 ~ 

x1 
- 

0.7 x 0.412 x IT x 0.199 x 2215 

X1  = 0.01208 in 

DYNAMIC ANALYSIS 

(4 i 

This i s  a small-perturbation analysis.  Equations a r e  developed 
for smal l  displacements of the poppet and smal l  variations of p re s su re  
and flow. 

Force Balance on Poppet (Neglecting Frict ion)  

Assume P4 = 0 psia for the dynamic ana lys i s ,  The force balance 
is 

K S (X-X,)  t P 3 2  A - P, A I  = MX (5) 

where X - X I  i s  displacement of poppet resulting f rom a change in P2 .  
F o r  this analysis ,  P 2  i s  assumed to r i s e ,  s o  that X is l e s s  than X I  
and the t e rm Ks ( X - X I )  is  negative. 

B-3 



Flow of Dow Corning  Flu id  Through Or i f i ce  A 3  

Neglect compress ib i l i t y  of Dow Corning  Flu id  in  volume V3. 

‘d3 A3 / P2 - P3) = A2 

Conse rva t ion  of Flow Out of SPGC-  1 

4 
w = w  + w  

1 3 

SPGG-1 Flow Is P r e s s u r e  Dependent 

n 

Yg 
w = A K P 1  

1 g g  

Load Flow,  Sonic  

P P 

A P  
L d L  L21 

w =  
3 L 1  

Hot G a s  Regu la to r  Flow, Sonic  

TI D1 X P1 
cd4 c21 

w =  
4 KT 

J I 1  

Subst i tute  ( 8 ) ,  (9) and (10) into (7) 

C A P  
n - - ‘dL 2 1  L 1 

A K P1 
g g  

‘d4 C 21 n D I X P  1 + 

G- 
Different ia te  Equat ion (1 1) 

cd* 5 1  TI D l  

f i  
C A  

‘dL 21 L -  + --- 
p1 

(n -1 )  - - 

m A g K g g  Y n P l o  p1 - 

l P  w 
l o  

( 9 )  

B-4 



- 
With the regulator reacting to a change in P2.  X i s  negative when 
is positil.,-t (and vice versa) .  Therefore,  equation ( 1 2 )  becomes 

- 
X 'd4 '21 rr 1 

p l o  

Solve for 2 

( n - l )  J.7 A 
1 lo  t- t X ) F  (13 )  

- 
0 1  

1 P 'd4 '21 Dl r rD lo 

Operate on Equations (5) and (6)  to Eliminate P 3  

Differentiate ( 6 )  

Apply Laplace Operator 

- - P3) = A2 XS 
'd3 *3 

where  

S = d/dt  ( s e c - ' )  

Solve for  5 
3 

- P3 = - P2 - *2 J' 'd (pia - p30) S X  
A3 'd3 

B-5 



Rewrite Equation (5) and Differentiate 
.. 

P3 A2 - P A = M X - K  X t K  X I  
1 1  s S 

A 5 - A I P 1  = (MS 2 - K ) X  
2 3  s 

Substitute (16)  into (17) 

A 

[F2 - I-) S , ]  - A 1  G l  = (MS 2 - K ) y  
*2 A3 ‘d3 S 

Solve Equation (18) for x 
A P  

2 2  - 
x =  

S 

2 

mi- 2 A 3  A2 ‘d3 1 Z S - K  (p20 s 

~ 

Combine (13 )  and (19 ) ,  Eliminating X 

A K y n P  ( n - l )  Fl 
AL 

1 
srD 1 l o  + - t x )p’ 

- l o  ( -  g g g  %4 c21 lT 1 
0 P 

- -- A 1  P I  A P  
- 2 2  - 

2 

2 I-) S - Ks 
A 

A C  
3 d3 

2 - (P20-P30) S -  K MS + 
S 

B-6 



- -  
Convert  to  Pl/P2 T r a n s f e r  Function 

2 

S 

A 
M S 2 + *  2 

3 d3 

Pu t  in s tandard  f o r m  

A P  
2 l o  - 

- K a  
- =  p1 A l  p lo  s 

~ 

2 
A a  

- 
2 

2 
t p2 Mas 

- K a)  
l o  s A3 %3 (p lo  A1 S 

P A I - K a  

where  

A K y n P  (n - l )  6 
AL 

1 
r r D  

g g g  l o  t -  t X (in.) a = -  
0 'd4 '21 1 

S u m m a r v  of Constants  

A l  = 0.0311 in2 

= 0.180 in2 

= 0.00314 in2 
A2 

A3 
2 A = 79 in 

g 
= 0.0325 in2 AL 

P r e s s u r e  A r e a  of Poppet 

Pressure A r e a  f o r  SPGG-2  

Damping Orifice 

Burning A r e a  of Gra in  

SPGG- 1 Load A r e a  
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Cd3 = 0.7 

Cd4 = 0.7 

C21 = 0.412 J"R/sec  

D1 0.199 in 

g = 386 in /sec  2 

K = 0.0249 in3/ lb-sec 

K = 100 lb / in  
g 

S 

M = 0.0000824 lb-sec2/ in  

n = 0.21 

P = 2215 psia 
l o  

P -P = 7 psia  
20  30 

= 2460"R 
T1 
X = 0.012 in 

'd 

- " 
= 0.036 lb/ in3 

= 0.053 lb/ in3 
'g 

Assumed Coefficient of Discharge 
fo r  Orifice A3 

Assumed Coefficient of Discharge 

Thermodynamic Gas Constant for 
OMAX 453D 

Poppet Seat Diameter 

Acceleration of Gravity 

Grain Constant of OMAX453D 

Spring Rate I Selected Minor Effect 

Poppet Mass  

P r e s s u r e  Exponent of OMAX 4530 

Nominal P r e s s u r e  in SPGG- 1 

Nominal P r e s s u r e  Drop Across  
Orifice A3 

Gas Temperature  

Nominal Poppet Valve Opening 

Density of Dow Corning Fluid 

Density of OMAX453D Grain 

Determine AL 

2 -  I - - 
AL 'dl '21 p l o  

where 

w = 0.418 l b / s e c  
3 

= 2460"Rl Fl = 49.6 fi T1 

Cdl = 0.7 

C21 = 0.412 m / s e c  

P = 2215 psia 
l o  
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- 0.418 x 49.6 - 
AL 0.7 x 0.412 x 2215 

= 0.0325 in2 
AL 

Determine a 

A K y n P  ( n - l )  (T1 A 

T I D  
g g g  t --- 

0 
t x  

l o  a = -  

1 c21 TI 1 
(2-2) 

-0,79 
- 79 x 0.0249 x 0.053 x 0.21 x (2215) x 49.6 0.0325 + o.012 - -  

0.7 x 0.412 x TI x 0.199 IT x 0.199 

a 

a = 0.0501 in. 

=-0.0139 t 0.0520 t 0.012 

Determine M 

Poppet made  f r o m  Alumina and Moly. 

Alumina M a s s :  

L 
L2 y a  

W V 0.7854 D2 
- a -  a 'a M = -  _ - -  

Specific Gravi ty  of Alumina i s  2 ,95 

2.95 x 64.4 3 = 0.11 lb / in  - - 
'a 1728 

= 0.479 in  
D2 
L2 = 3 D2 = 3 x 0.479 = 1.437 in  

2 g = 386 in / sec  

0.7854 x (0.479)2 x 1.437 x 0.11 
386 M =  

a 

= 0.0000735 l b - s e c 2 / i n  
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Moly Mass 

0.7854 2 
Dl L1 Ym 

M =  
m g 

= 0.37 lb/ in2 
'm 

Dl = 0.199 in 

L1 
= 1.5 D1 = 1.5 x 0.199 = 0.298 in 

0.7854 x (0.199)2 x 0.298 x 0.37 
386 

M =  
m 

M = 0.00000888 lb-secz / in  
m 

M = M + M  
a m 

2 M = 0.0000824 lb-sec  / in  

Compute yd 

64.4 
y ,  = Sp.Gr. x - 

U !?23 

Sp.Gr. = 0.968 Dow Corning 200 Fluid 
= 100 c s  (Viscosity) % 

- 0.968 x 64.4 

= 0.036 lb/in3 

- 
'd 1728 

'd 

Compute Gain 

Gain = 

Gain = 

*2 p lo  

A1 plo s - K  a 

0.180 x 2215 
0.0311 x 2215 - 100 x 0.0501 

398 - = 6.23 
63.9 
(Would be 5.78 ps i /p s i  with no spring) 
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Compute Inertia Term 

8.24 x x 0.0501 2 
2 

- K a  63.9 S - - MaS 

p lo  A 1  S 

-8 s2 
= 6.46 x 10 

Compute Natural Frequency 

w = /T = 1- = 0.394 x 10 4 

6.46 x 10 
n 

w = 3940 r a d / s e c  = 627 cps Undamped Natural Frequency 
n 

Determine 5 
2 

A2 a . 
2 5  

n 
- =  

- K a) A3 'd3 ('10 A 1  S 
u) 

where 

. *  - - 3 Q A n  r ? _ + I E - P  

= 0.180 in 

= 0 0031 in2 

n 
A2' = 0.0324 in4 

D3 = 0.063 in 

2 
A2 

A 3  
a = 0.0501 in 

P A 1  - K a = 63.9 lb 
lo S 

= 0,036 lb/in3 
2 

'd 
g = 386 in/sec 

Cd3 = 0.7 

Evaluate P 
2 0  

- P  
30 

This t e r m  is evaluated by  assuming the poppet wil l  oscillate 
a t  the undamped natural  frequency and a t  an amplitude equal to 10 per -  
cent  of i ts  nominal opening. From (6) 

'd3 ( 6 )  

B-11 



(P2 - P3) = 0.1 A X w 
‘d3 A3 ’d 2 1 n  

2 
yd 

0 , l  A X w 
2 I n  

*2 - p3 = ( Cd3 A3 ) 2g 

where 

X1 = 0.012 in .  

w = 3940 r a d / s e c  
n 

0.036 
2 x 306 

O e l  x 0.180 x 0.012 x 3940 
0 0 7  x 0.00314 

(387)2 x 4.67 x 10’’ 

7 p s i  

(32) 

(33) 

Or, more specifically,  

P - P  = 7 p s i  
20 30 

w ~~a 
n 2  

- K a) 5 =  
2A3 ( p l o  A1 6 

3940 x 0.0324 x 0.0501 
2 x 0.00314 x 0.7 x 63.9 

- 

= 22.8 x 413.06 x 

= 0.824 

= 22.8 x 3.62 x 10-2 

Compute Damping T e r m  

._ 4 = 4.18 x 10 S 2 5 S 
n 

2 x 0.824 S - =  
w 3940 
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Write Transfer  Function 

6.23  
(With Spring) 

p1 - =  
-8 2 

p2 6 . 4 6 ~  10 S t 4 . 1 8 ~  1 0 e 4 S  t 1 
( 3 5 )  

(Without Spring) ( 3 6 )  
p1 5 .78 - =  

-8 2 p2 5 . ~ ~  1 0  s t 3 .83  ~ o - ~ s  t 1 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

Undamped Natural Frequency 

o = 627 cps with spring 
n 

Damping Fac tor  

652 cps without spring 

= 0 .824  with spring 
0 . 7 8 4  without spring 

The linearized system is a quadratic and is sufficiently fast  and 
adequately damped for the intended application. Fr ic t ion effects were 
not analyzed, however, and therefore additional damping might be de- 
s i rab le  to  ensure stability. Damping can be increased by: 

1 .  

2 .  

Reducing the size of orifice A3. 

Using a fluid of higher viscosity. 

These two parameters  have relatively small  effect on other performance 
considerations. 
the nonlinear character  of the damping t e rm.  
be required fo r  an exact solution yielding poppet amplitude and frequency. 
It has  been established, however, that the damping is sufficient t o  l imit  
the amplitude of oscillations to less  than 10 percent of its nominal poppet 
position. 
the regulator and can be eliminated if  desired.  

The system is actually slightly oscillatory because of 
A computer study would 

The mechanical spring, K , is not essential  to the operation of 
S 
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APPENDIX C 

TEST PLAN FOR 5500°F SITVC SINGLE VALVE SYSTEM 

The sys tem to  be tes ted is a single vortex valve 5500°F SITVC 
The major  objective of the  test sys tem with a 2000°F control stage. 

is to  modulate the 5500°F gas  with a vortex valve and 2000°F gas.  
secondary tes t  objective is to verify the integrity of the valve design. 

The 

The test is to  be  conducted i n  two pa r t s .  The first par t  is a steady- 
state cold gas  test of the sys tem with N2 used as supply and control 
gases .  
sys tem with the 5500°F SPGG used as the hot gas  supply source  and 
the 2000°F SPGG used as the hot gas control source.  

The second par t  of the t e s t  is a steady-state hot gas  test of the 

Cold Gas  Tes t  

The purpose of the cold g a s  tes t  is to  determine the steady-state 
performance charac te r i s t ics  of the single vortex valve SITVC sys tem 
and to  verify the intended performance of the system's  var ious com- 
ponents (control valve, vortex valve, sequencer,  etc.)  p r ior  t o  the hot 
gas  test. 
below. 

The cold g a s  test will be conducted in  th ree  pa r t s  as descr ibed 

Control Valve Per formance  

The control valve performance will be determined f r o m  data  
recorded  f r o m  a test setup as shown i n  F igure  l(.a). 
run with P varying f r o m  0 to 1500 psig. 
to  obta inva lve  flow ra te ,  w,  v s  control p re s su re ,  Pc. 

The test will be 
The recorded data  will be used 

C 

Vortex Valve Per formance  

The vortex valve performance will be determined f r o m  data  
recorded  f r o m  a test setup as shown i n  F igu re  l (b ) .  
run t h r e e  times with P 
modulated through ranges required fo r  full valve turndown. 
da t a  will be used to  obtain the following performance charac te r i s t ics :  

The t e s t  will be 
regulated at 950, 500, and 700 psig and Pc 

S 
The recorded 

w vs  P 
0 0 

W 

W C 

0 
v s  P 

0 
max 
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VENT 

2 
T 
a 

a. 

t 

i 

N2 
SUPPLY 

4 
CONTROL 

VALVE 

(a) Test Schematic For Cold Gas Test Of Control Volve 

C .IBRATION 
P =  0-15M)PsI 
f = 0- loo0 CPS 
f = 0-lwF 

CALIBRATION 

N2 

Pc 0-2000 PSlG SUPPLY 

f = 0-1ooocps 

TS = 0-lOO"F 

TC = 0 - I W F  

(b) Test fchemotic For Cold Gos Test Of Vortex Valve 

Figure 1 - Component Performance Test Schematics 

Single Vortex Valve SITVC System Performance 

The single vortex valve SITVC system performance charac- 
ter is t ics  wil l  be determined f rom data recorded from a test setup a s  
shown i n  Figure 2 .  

The cold gas test will be set up and run in a manner such to 
approximate the hot gas test of the same system. 
to the SPGG vent and vortex valve combination will be at a constant 
flow ra te  as controlled by the orifice upstream of the empty SPGG. 
The value of Ps, when the vortex valve is fully turned down, will be 
950 psig. The vortex valve control pressure,  P , will be modulated 
by the control valve whichin turn received an input s i g n a l  from the 
solenoid valve. 
that is to be used i n  the hot gas test. 

The cold gas supplied 

C 

The solenoid valve wi l l  be actuated by the sequencer 
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I i 

uuiricc 

ELECTRICAL 
SIGNAL INPUT 

PLENUM / 
CHAMBER 

VENT 

CONTROL VALVE 

CONTROL SUPPLY CONTROL 

n 

LINE INJECTORS 
U 

VORTEX 
LOAD ORIFICE VALVE 

FLOW CONTROL ' ORIFICE 

REGULATOR c!l 

EMPTY 
Ssooo F 
SPGG 

SOLENOID VALVE 

OUTLET 
ORIFICE 

b 

SUPPLY 
$ 

-3914 

F i g u r e  2 - Test  Schematic for Cold Gas Test of 5500°F SITVC 
System - Single Vortex Valve 

The data recorded i n  this portion of the cold test will indicate 
the compatibility of the system's many components and suggest any 
necessary system changes required pr ior  to the hot tes t .  

Hot Gas  Test  

The test schematic fo r  the hot gas test is shown in F igure  3 .  
This  test will provide information on t h e  ability of the vortex valve to 
modulate 5500°F gas .  

The 5500°F SPGG will be used to supply the vortex valve and the 
The ignition of the SPGGs, 2000°F SPGG will provide the control gas .  

the modulation of the control g a s  by the solenoid valve, and the s t a r t i n g  

c-3 



VALVE 

i (CURRENT INPUT) CALIBRATION SOLENOID 
VALVE 

PG = 0 - m  B I G  
Pc = 0-Moo PSlG 
PS = 0-Zoo PSlG 
PO = 0 - 1000 PSlG 

N2 REGULATOR 

PI = 0-2000 PSlG SUPPLY 
2200 PSI 

T c =  0-25WOF 

Figure  3 - Tes t  Schematic for  #2 Fir ing of 5500°F SITVC System 
with Single Vortex Valve 

of the r eco rde r s ,  c a m e r a s ,  and t imers  will be  controlled by a sequencer.  
The t ime  pattern of the sequencer w i l l  be as follows: 

Time 
~~ 

0 sec  

2 sec  

Function 

Star t  high speed camera .  

Star t  low speed camera ,  r eco rde r ,  
timer, and open solenoid valve. 

4 sec  Ignite 2000°F SPGG 

6 sec  Close solenoid valve. 

6 .5  sec  Turn off 2000°F SPGG ignitor 

8 sec  Open solenoid valve. 
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Time 

10 sec  

Function 

Ignite 5500°F SPGG. 

11 sec  Close solenoid valve. 

14 sec Open solenoid valve. 

16 sec Close solenoid valve. 

18 sec Open solenoid valve. 

20 sec Close solenoid valve. 

22 sec Open solenoid valve. 

24 sec Close solenoid valve. 

26 sec Open solenoid valve. 

28 sec Close solenoid valve. 

The f i r i n g  procedure for  the hot gas  tes t  is described i n  the 
attached engineering specification. One additional feature added to 
the f i r i n g  procedure is the manual override of the 5500°F SPGG ignition 
i n  the event that the control system does not function properly i n  the 
first portion of the hot test .  
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THE BENDIX CORPORATION 
RESEARCH LABORATORIES DIVISION 

SOUTHFIELD, MICHIGAN 

ENGINEERING SPECIFICATION 

COO€ IOFI1T. ~ P C C I F l C A I l O N  UO. UlV. 

11272 

T I T L E  D A T E  

5500- SITVC .?y.stcm llot Gas Test Procedure 20 A p r i l  1966 

Test No. - 
1. General  Rules 

b a t e  

1.1 

1.2 

1.3 

l'here s h a l l  be no more t h a n  fcttir p o p l e  i n  t h e  corisole room dur ing  
p r e f i r i w  checkout. 

A f t e r  a loaded 31% h a s  been p laced  Jrt t h e  t e s t  ce l l ,  o n l y  t h e  
followilll: personnel  are author ized  t o  e n t e r  t h e  cell.  

(a) Test site s a f e t y  encineer .  

(b)  Assicned t es t  t e c h n i c i a n s .  

( c )  Hesponsible  enpineer .  

Ihe test c e l l  s h a l l  be off l i m i t s  t o  a l l  personnel  a f t e r  countdown 
Item 3.lA, excnpt  for t h e  followiry:. 

( a )  Assi rned  test technic ian .  

(t)) Hesponsible  enrrineer. 

2.1 All i t e m s  p e r t a i n i w  to  l o a d i w  of t h e  2oOO0F SKi accomplished 
as d e s c r i b e d  i n  O l i n  t es t  procedure S.O.P. &d190o0 and breech 
assembly p r i n t  Bcndix 215!%67. 

2.2 Couple t h e  2000qi' SKX7 to t h e  p i l o t  s t a g e  system and torque 
m o u n t i w  screws a5 rcqujred.  

2.3 I n s t n l l  o u t l n t  plum. 

2 .k I n n t a l l  new h u r s t  diap1irny.m. 

C H E C R E D  B Y  A P P U O V E O B V  ' R C P A n E o  ev  

I 1 

I E V I I I O N I  

1#01-wO-l*I nc inLo-a ie  ORIGINAL F ILED IN PRODUCT DESIGN SECTION 
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PROJECT NO. THE BENDIX CORPORATION 
RESEARCH LABORATORIES DIVISION 

SOUTHFIELD, MICHIGAN 
2fl30 

T I T L E  

s!%* SIWC % s t e m  Hot Gas Test Procedure 

I ENGINEERING SPEC1 FICATION I 
OAT!€ 

28 Apri l  1966 

P R E C A R E D  B Y  C H E C K E D  BY 

Test No. Date 

A P P R O V E D B Y  

3. 5500% SPGC & SITVC supply System 

3.1 A l l  items pertainirq: t o  loading accompli&ed as described i n  

3.2 The 5500- SPW mounted t o  t he  %OO0F SITVC System pe r  Bendix 

Hercules Powder Test Procedure UOI’-O66-1F1-2 f o r  t h e  ssOO°F SPCG. 

and the mounting screws torqued as required. 

3.3 I n s t a l l  o u t l e t  plugs. 

3.1 I n s t a l l  new b u r s t  diaphragm. 

3.5 Cal ibrate  pressure pickups and thermocouples using a h point 
cal ibrat ion.  (Leave Calibration on s tr ip  chart .)  

3 Leak check system mountirg surfaces by pressurizing systens t o  
200 psi .  

3.7 

3.p Check ou t  sequencer, cameras, recorders,  f i r i n g  circui t .  

3.9 Run 3 seconds w i t h  Camera 81. 

Remove N2 supply l i n e  and i n s t a l l  applicable plug. 

Show on a place card, t h e  g.stem 
under r o i w  t e s t  giving t e s t  date,  Qpe, and number. 

3-10 Zero t imcr . 
I n s t a l l  f i r i n g  cables i n  snort in$ pluc i n  console. 200’J0F SPCC 

SSOOOF SPCC - - 3.11 - 
3-12 Place f i r i n g  swi t ch  i n  ‘ lO IFF1  posit ion.  

3.13 - S e t  recorder speed and timing l i nes .  
(Speed Timing 1 

3.l.4 Set  programmer 
One complete cycle  i n  - seconds) 

R E V  IS1 OMS 

B C I R L O - 2  I@ ORIGINAL FILED IN PRODUCT DESIGN SECTION mo1.000. I a3 

c-7 



t I 
P R O J E C T  NO. THE BENMX CORPORATION CODE IDENT. S P E C l r I C A f l O N  NO. R E V .  

11272 RESEARCH LABORATORIES DIVISION 
SOUTHFIELD, MICHIGAN 28 30 

ENGINEERING SPECIFICATION 

C H E C K E D  B Y  A P P R O V E O O V  C R E C A R E D B V  

1 

REVISIONS 

TITLE I SIlV c System Hot Gas Test Procedure I DATc 26 Apri l  1966 I 
Date 

3-15 - Notify test s i te  engineer of pendinc f i r i n g .  

3.16 Received permission t o  f i re .  
‘-(Authorized by 1 

3.17 - Remove o u t l e t  plup,s from test  system. 

3 -18 I n s t a l l  i g n i t e r  and i g n i t e r  cable. 

Open N control source. 
2 3-19 

3-20 - Remove f i r i n g  cables from shorting plug and i n  f i r i n g  pos i t i on  
on test panel. 

3.21 Turn on D.C. and A.C. poiwr t o  console. 

3.22 - S t a r t  sequencer and begin one second i n t e r v a l  count. 

3-23 Observe Pc trace and override 5’500% SRX i g n i t i o n  if Pc does 
not nodulate i n  t h e  f i r s t  seven seconds. 

3.2L Notify test  site safety eqcineer f i r i n g  completed. 

3.25 Assign t e s t  number and date t o  s t r i p  charts. 

Remarks: 

I I 
Test Engineer 

Responsible Engineer 
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